Although the multilayered structure of the plant cuticle was discovered many years ago, the molecular basis of its formation and the functional relevance of the layers are not understood. Here, we present the permeable cuticle1 (pec1) mutant of Arabidopsis thaliana, which displays features associated with a highly permeable cuticle in several organs. In pec1 flowers, typical cutin monomers, such as v-hydroxylated fatty acids and 10,16-dihydroxypalmitate, are reduced to 40% of wild-type levels and are accompanied by the appearance of lipidic inclusions within the epidermal cell. The cuticular layer of the cell wall, rather than the cuticle proper, is structurally altered in pec1 petals. Therefore, a significant role for the formation of the diffusion barrier in petals can be attributed to this layer. Thus, pec1 defines a new class of mutants. The phenotypes of the pec1 mutant are caused by the knockout of ATP BINDING CASSETTEG32 (ABCG32), an ABC transporter from the PLEIOTROPIC DRUG RESISTANCE family that is localized at the plasma membrane of epidermal cells in a polar manner toward the surface of the organs. Our results suggest that ABCG32 is involved in the formation of the cuticular layer of the cell wall, most likely by exporting particular cutin precursors from the epidermal cell.
INTRODUCTION
A critical step during the evolution of terrestrial plants was the development of a semipermeable cuticle that, at the interface between the plant and its environment, controls the diffusion of water, solutes, and gases and provides strength to withstand mechanical impact. The cuticle also influences the communication between plant cells of different organs and the interaction of the plant with other organisms (Riederer, 2006) . The cuticle is organized in distinct layers of variable thickness and high structural diversity among plant species and organs (Jeffree, 2006) . The cuticle proper, below the epicuticular wax layer, consists of the aliphatic polyester cutin as the main structural component, as well as intracuticular waxes. The cuticular layer, found below the cuticle proper, is rich in cutin and polysaccharides and forms a continuum with the cell wall (CW) into which it may protrude deeply (Jeffree, 2006) . The cuticle proper may have an amorphous, lamellate, or reticulate structure, features that have served as the main characteristic for the classification of cuticles. In species that have a thick cuticle, the cuticular layer of the CW may form several structurally distinct layers (Jeffree, 2006) .
The aliphatic components of cutin present in the cuticle have been well characterized in many plant species by the analysis of ester-bound compounds of a delipidated extracellular matrix fraction (Kolattukudy, 2001; Pollard et al., 2008) . Typical components are C16 and C18 fatty acids that are v-hydroxylated, as well as mid-chain hydroxylated and/or epoxylated. In most cases, however, the analyses were performed after isolation of the cuticle by enzymatic digestion of the CW polysaccharides, leading to the disruption of the region between the cuticular layer and the CW. A distinction between the composition of the cutin in the cuticle proper and the cuticular layer of the CW has not yet been made.
In Arabidopsis thaliana plants, the cuticle of leaves is very electron dense and only 20 to 30 nm thick, whereas in stems and floral organs, the cuticle is up to 130 nm thick, and its multilayered structure can be visualized Lü et al., 2009; Panikashvili et al., 2009) . The biochemical composition of ester-bound lipids in leaves and stems of Arabidopsis is unusual, with a high abundance of unsaturated dicarboxylic acids and only a minor amount of v-hydroxylated fatty acids. By contrast, ester-bound lipids from floral organs of Arabidopsis show a high abundance of 10,16-dihydoxypalmitate, a typical cutin monomer in many plant species (Bonaventure et al., 2004; Franke et al., 2005; Kannangara et al., 2007) .
Even though a number of Arabidopsis mutants with structural alterations in the cuticle has been characterized, the relationship among biochemical composition, structure, and function of the Arabidopsis cuticle is not yet clear (Nawrath, 2006; Pollard et al., 2008) . The presence of aliphatic polyester components cannot always be linked to a normal structure of the cuticle and functionality of the diffusion barrier (Nawrath, 2006; Pollard et al., 2008) . However, the lack of aliphatic polyester monomers is usually linked to an abnormal structure and an increased permeability of the cuticle. Typical phenotypes of plants having a permeable cuticle include an increased loss of water, leading to desiccation sensitivity, and a facilitated uptake of molecules, leading to, for example, herbicide sensitivity. Under most conditions, increased permeability of the cuticle is detrimental to the plant (Nawrath, 2006) . However, Arabidopsis plants with increased cuticular permeability are highly resistant to the necrotrophic fungus Botrytis cinerea (Bessire et al., 2007; Chassot et al., 2007) . This phenotype might be the result of a faster diffusion of molecules such as elicitors and antifungal compounds through the cuticle (Bessire et al., 2007; Reina-Pinto and Yephremov, 2009 ). In addition, Arabidopsis plants with defects in cutin formation often show organ fusions and other epidermal defects, such as an altered epidermal cell pattern (Nawrath, 2006; Panikashvili et al., 2009; Voisin et al., 2009) .
In recent years, much progress has been made to unravel the biosynthesis of wax components and aliphatic cutin monomers (Kunst and Samuels, 2003; Pollard et al., 2008) . For the intracellular assembly of cutin precursors, several acyltransferases are necessary, such as different glycerol-3-phosphate acyltransferases (GPATs) for the formation of monoacylglycerols and acyltransferases of the BAHD (named for BEAT, AHCTs, HCBT, and DAT, the first four enzymes characterized) family for the incorporation of aromatic molecules into cutin and suberin (a lipid polymer similar to cutin; Li et al., 2007; Molina et al., 2009; Panikashvili et al., 2009; Yang et al., 2010) . ATP binding cassette (ABC) G transporters having a nucleotide binding domain (NBD) and a transmembrane domain (TMD) in a family-defining reverse ABC transporter topology (NBD-TMD) have been identified as being important for the export of wax and cutin monomers. These belong to the half-transporter subgroup of ABC proteins and function as dimers. ABCG11 is required for the export of cutin precursors as well as wax molecules in Arabidopsis (Pighin et al., 2004; Bird et al., 2007; Luo et al., 2007; Panikashvili et al., 2007 Panikashvili et al., , 2010 Ukitsu et al., 2007) . ABCG11 homo-or heterodimerizes with ABCG12 (and probably also with related halftransporters) to transport different cuticular components (Kunst and Samuels, 2009; Mc Farlane et al., 2010) . In addition, ABCG13, belonging to the same clade of half-transporters as ABCG11, is involved in cutin formation in flowers (Panikashvili et al., 2011) .
Here, we report that the permeable cuticle1 (pec1) mutant of Arabidopsis, which shares many phenotypes with other cuticular mutants, has a knockout in At2g26910 encoding a full-size ABC transporter of the PLEIOTROPIC DRUG RESISTANCE (PDR) family having (NBD-TMD) 2 topology. Specific reductions in the amounts of typical aliphatic components of cutin, such as v-hydroxylated fatty acids and 10,16-dihydroxypalmitate, are most pronounced in petals and are accompanied by the appearance of lipidic inclusions within the epidermal cells, indicating a lesion in polyester formation. Interestingly, structural differences are visible only in the cuticular layer underneath the cuticle proper in petals of the pec1 plants. Thus, pec1 defines a new class of cuticle mutants, and its characterization can contribute functional and biochemical information about the cuticular layer of the CW, a structure that has remained largely uncharacterized up to now.
RESULTS

Mutations in ABCG32 Lead to a Permeable Cuticle
The pec1 mutant of Arabidopsis was identified by rapid calcofluor white staining of the CW underneath the cuticle in rosette leaves (Bessire et al., 2007) . After map-based cloning revealed that PEC1 is gene At2g26910, three homozygous lines (named pec1-2, pec1-3, and pec1-4) carrying T-DNA insertions in exons of At2g26910 were isolated ( Figure 1A ). All lines showed the same dye uptake phenotype as the original pec1-1 mutant, namely, increased calcofluor white staining of cotyledons, rosette leaves, and flowers (see Supplemental Figure 1 online). Furthermore, the pec1-1 phenotype could not be complemented by pec1-3, confirming that PEC1 is indeed At2g26910 (see Supplemental Figure  1G online). Details on mapping and characterization of the different pec1 alleles are given in Methods. At2g26910 encodes the full-size ABC transporter, ABCG32, which had previously been named PDR4 (Jasinski et al., 2003; Verrier et al., 2008) .
Aside from their cuticle permeability phenotype, none of the pec1 alleles had obvious growth defects, except some organ fusions in ;1 to 2% of the plants (see Supplemental Figure 2 online). In this feature, the pec1 mutant alleles resembled the long-chain acyl-CoA synthetase2-3 (lacs2-3) mutant that is deficient in cutin monomer biosynthesis (Bessire et al., 2007) . Therefore, the permeability of the cuticular membrane for different compounds was further compared between the T-DNA insertion lines pec1-2 and pec1-3 using lacs2-3 as a control because its characteristics have been already published (Bessire et al., 2007) . Both pec1 alleles gave identical results, and representative data are presented below.
The cuticular permeability to different chemical compounds was studied directly by staining rosette leaves and flowers with toluidine blue (TB) or indirectly by assessing sensitivity to herbicides and resistance to B. cinerea. TB stained fully expanded rosette leaves of the pec1 mutant strongly with an irregular imprint of the droplet, in contrast with intact cuticles of wild-type leaves ( Figure 1B) . TB stained lacs2-3 leaves even faster than pec1 leaves and the shape of the dye droplet was reflected by the corresponding imprint on the leaves of the lacs2-3 mutant ( Figure 1B ; Bessire et al., 2007) . Petals of pec1 were stained partially after 5 min of incubation with TB, whereas the wild type remained unstained, and the entire lacs2-3 flower, including the petals, was darkly stained after the same incubation time ( Figure  1B) . After an incubation of 30 min, pec1 flowers were completely stained by TB, similar to lacs2-3 after 5 min (see Supplemental Figure 3E online). These results indicate that the permeability of the pec1 cuticle is strongly increased, but not to the level of permeability exhibited by the lacs2-3 mutant. pec1 plants showed an increased sensitivity to glufosinate, suffering from severe damage when sprayed with 60 nL/mL of the herbicide. However, the meristems of pec1 plants survived, and the plants recovered slowly. By contrast, the wild type showed only chlorosis at the same concentration of glufosinate, whereas lacs2-3 plants could not, in most cases, recover from the treatment (see Supplemental Table 1 online; Bessire et al., 2007) . Cuticular transpiration was assessed by measuring water loss from rosettes that were cut at the base of their hypocotyls. The pec1 rosettes lost ;35% of their initial weight in 5 h, in comparison with wild-type and lacs2-3 rosettes, which lost 28 and 40% under the same conditions, respectively (Bessire et al., 2007) . Thus, under conditions when stomata are closed, water loss from pec1 is significantly increased over the wild type ( Figure 1C ; see Supplemental Figure 4 online).
In addition, pec1 plants showed increased resistance to B. cinerea in comparison with wild type. As in earlier studies on B. cinerea resistance in cuticle mutants, antimicrobial compounds active against B. cinerea could be detected on the surface of pec1 leaves (Bessire et al., 2007; Chassot et al., 2007) . Both the antimicrobial activity of surface compounds and the resistance of pec1 leaves were not as strong as those of lacs2-3, in agreement with previous results where the degree of cuticular permeability correlates with the amount of antimicrobial compounds on the surface ( Figures 1D and1E; Bessire et al., 2007) .
Taken together, the results of these experiments demonstrate that the cuticle of the pec1 mutant is more permeable than that of wild-type plants but not as permeable as that of lacs2-3.
ABCG32/PEC1 Is Strongly Expressed in the Epidermis of Expanding Organs of the Shoot
The expression of ABCG32/PEC1 was studied in different organs and at various developmental stages by quantitative real-time RT-PCR (qRT-PCR), by in situ hybridization, and by monitoring b-glucuronidase (GUS) activity in transgenic plants expressing a pABCG32:GUS fusion. The expression analysis by qRT-PCR was performed on emerging, fully expanded, and old, but still entirely green, leaves, the uppermost and the lowest 3 cm segments from a 10-to 15-cm-long inflorescence stem, closed and open flowers, as well as roots from 3-week-old plants growing under tissue culture conditions and 4-to 5-week-old roots from hydroponic culture. These studies revealed that ABCG32/PEC1 is expressed in all organs of the shoot, but barely in the root, with a tendency toward higher expression levels in (Bessire et al., 2007) but are included here again for direct comparison of the mutants. (B) TB staining. Close-up pictures of the typical staining underneath a 5-mL droplet of TB incubated for 2 h on fully expanded rosette leaves (top) and whole flowers after submergence in TB solution for 5 min (bottom). Scale bars = 1 mm (C) Cuticular transpiration. The loss of water from plants that were cut at their hypocotyl was measured at indicated time points (n = 4-6; 6SE; the experiment was repeated twice, with similar results). (D) Resistance to B. cinerea. Symptoms were rated 3 d after inoculation with B. cinerea (n = 4; 6SE, the experiment was repeated twice, with similar results). (E) Analysis of leaf diffusates for the presence of antifungal compounds. Germination and growth of B. cinerea in vitro observed after 14 h of incubation in the presence of leaf diffusates that were collected at 30 (black bars) and 42 (white bars) h from plants of different genotypes. Three independent experiments were performed, and six representative pictures showing 40 to 100 hyphae overall were evaluated 6 SD. young, expanding tissues than in older tissues ( Figure 2A) . Fusions of 1 kb of the ABCG32/PEC1 promoter with the GUS reporter gene were constructed. The ABCG32/PEC1 promoter activity was monitored by measuring GUS activity in transgenic plants carrying the resulting pABCG32:GUS construct. GUS activity was very strong in expanding organs, i.e., young rosette leaves, top stem segments, and expanding siliques, in contrast with the corresponding fully expanded organs (Figures 2B and 2D2F) . Strong GUS activity was also observed in different organs of the flower ( Figure 2C ). The promoter showed very high activity in the epidermal layer, as shown in a section through a top stem segment ( Figure 2G ). In situ mRNA hybridization revealed a strong signal that was specific to the epidermis of young rosette leaves with two independent ABCG32/PEC1 riboprobes, of which a representative result is shown in Figure 2H . The strong epidermal expression of ABCG32/PEC1 is in agreement with the hypothesis that ABCG32/PEC1 is involved in the formation of a functional cuticle.
ABCG32/PEC1 Displays a Polar Localization at the Plasma Membrane
The subcellular location of ABCG32/PEC1 was investigated by the expression of protein fusions to green fluorescent protein (GFP). Transgenic plants expressing a fusion of GFP to the N terminus of ABCG32/PEC1 under the control of 2 kb of the native promoter in the pec1-2 background had leaves and flowers that could not be stained by TB (see Supplemental Figure 3 Because the cuticle is located only on the surface of the plant, the distribution of GFP-ABCG32 in different regions of the PM was investigated in those expanding tissues where the fluorescence was the most intense. In young expanding leaves, GFP-ABCG32 fluorescence was analyzed by scans in the XZ plane ( Figure 3K ) and was compared with XZ scans of a yellow fluorescent protein-NPSN12 PM marker line (Wave131Y; Figure  3J ; Geldner et al., 2009 ). In contrast with the control line, GFP-ABCG32 showed strong fluorescence at the PM region lining the surface of the plant. However, only residual autofluorescence from chloroplasts was visible in deeper zones of the scan, similar to the signal in untransformed pec1-2 plants ( Figures 3I and 3K ), indicating that the localization of GFP-ABCG32 is polar and restricted to PM regions near the surface of the plant. Transverse sections through the top segment (2-3 cm from top) of a growing inflorescence stem also showed a clear polar localization of the GFP-ABCG32 fluorescence at the PM of epidermal cells ( Figures  3L-3N ). The only other fluorescence detected originated from the chloroplasts ( Figures 3L-3N ). The polar localization of GFP-ABCG32 in the PM toward the surface of the organ on the adaxial and abaxial sides of the petals was also observed by two-photon confocal microscopy ( Figure 3O ).
Thus, polar PM localization of ABCG32/PEC1 could be seen in all three different organs analyzed by different methods.
pec1 Plants Show a Decrease in Aliphatic Cutin Monomers
Biochemical analyses of wax and cutin in leaves and stems of the pec1-2 and pec1-3 lines were undertaken to compare them with the wild type and the pec1-2 line complemented with GFP-ABCG32. In leaves, significant reductions were measured in minor monomers of the ester-bound lipids of the pec1 mutant, namely, in C16:0 dicarboxylic acid and v-hydroxy C18:2 acid (20-30%; Figure 4A ). An ;50% reduction in v-hydroxy C18:3 acid, v-hydroxy C18:2 acid, and 10,16-dihydroxypalmitate was observed in stems of pec1 (see Supplemental Figure 5 online). However, in both organs, the decrease in these minor monomers did not correspond to a significant reduction in total aliphatic cutin monomers. The cuticular waxes on both organs showed no significant changes in the amounts of very-long-chain alkanes, alcohols, aldehydes, ketones, fatty acids, wax esters, or triterpenoids in any of the lines (see Supplemental Figure 6 online).
Because the amount of 10,16-dihydroxypalmitate was reduced in pec1 stems and was below the detection limit in leaves, the ester-bound lipid fraction was analyzed in flowers ( Figure 4B ). Not only did 10,16-dihydroxypalmitate show a strong reduction (60-70%) in the flowers of pec1, but the level of all of the other v-hydroxylated fatty acids was also lower in pec1 compared with the wild type. The total amount of v-hydroxylated fatty acids in pec1 plants was only 30% of that of wild type. Significant reductions in C16:0 and C18:0 dicarboxylic acids were also observed, whereas the amounts of C18:1 and C18:2 dicarboxylic acids, which are the major components in leaves and stems of Arabidopsis, were not significantly altered. Overall, flowers of pec1 showed a 60% reduction in oxygenated fatty acids and a 40% reduction in total ester-bound lipids. These results demonstrate that ABCG32/PEC1 of Arabidopsis has an essential function in cutin formation.
The pec1 Mutant Has Structural Alterations in the Cuticular Layer
The ultrastructure of pec1 cuticles was investigated in leaves and petals. A thin layer of electron-dense material was present in fully expanded rosette leaves of the wild type as well as pec1 plants ( Figures 5A and 5B) . However, the inner boundary of the cuticle proper of pec1 was sometimes more diffuse than in wild type. In areas of leaf fusions, cuticles were typically missing, and the epidermal CWs of both organs were fused directly or with minimal amounts of electron-dense material in between them ( Figure 5C ). In the wild type, the epidermal cells of the adaxial side of the petals are conical with regularly formed nanoridges ( Figure 5D ). At least three different layers could be distinguished in the cross sections of the outer extracellular matrix of conical wild-type cells: an outer electron-lucent amorphous layer (a cuticle proper of 60-80 nm), an electron-dense layer that often underlined the electron-lucent layer and filled the nanoridges (cuticular layer of the CW), and the CW. In pec1 petals, the amorphous cuticle proper was always present, and no significant reductions in thickness could be observed (Figures 5E, 5G, and 5H) . By contrast, the second layer underlying and filling the nanoridges was not as electron dense and had a polysaccharidelike structure (Figures 5E, 5G, and 5H) . At the base of the cone, this layer was even less electron dense than the CW underneath ( Figures 5F and 5H) . Thus, electron-dense material was specifically missing from the deeper layer of the pec1 mutant cuticle.
Within epidermal cells of pec1 petals, electron-dense inclusion bodies of 0.5 to 1 mm in diameter could be found that were not present in wild-type petals or inner tissues. They often formed multimembrane systems and were always present as a distinct membrane-surrounded structure between the cytoplasm and the vacuole (Figures 5I and 5J ). These structures seemed to be specialized because they occurred alongside other vacuoles lacking inclusions; therefore, they were called multimembrane bodies. When petals were stained with Nile red, fluorescent foci of 0.5 to 1 mm were present only in the epidermal cells of pec1 plants, confirming accumulations of lipidic material inside the cell ( Figures 6B and 6D ). These foci moved swiftly through the cell in contrast with the fluorescence signal from the cuticle that was also stained with Nile red.
Interestingly, the cuticular nanoridges on the adaxial epidermal cells of pec1 petals were more irregularly shaped and often broader and less deep than in the wild type ( Figures 5E and 5H ). Some cells also had substantially more or partially missing nanoridges ( Figure 5G ).
Scanning electron microscopy (SEM) observations of petals of wild-type and mutant plants allowed the survey of a larger surface. Wild-type petals have very regular cone-shaped epidermal cells on the adaxial side of the petals, with nanoridges of a characteristic depth ( Figures 7A and 7C) . The epidermal cells on the adaxial side of the petals of pec1 plants were irregularly shaped, some were conic as in the wild type, and others were rather spherical ( Figures  7B, 7D, and 7E ). Size variations also occurred more often. The nanoridges on the cells were more irregular in shape, sometimes less deep and partially missing (Figures 7B and 7E) . Spherical cells had typically densely packed nanoridges on the apex of the cell ( Figure 7D ). Thus, SEM and transmission electron microscopy (TEM) studies showed that petals of the pec1 mutant have an altered formation of epidermal cells with an irregular surface structure in comparison with the wild type. (A) Typical monomers of leaf polyesters of Arabidopsis were measured (n = 5-6; 6SD; the experiment was repeated twice, with similar results, and a representative data set is presented here).
(B) Typical monomers of flower polyesters of Arabidopsis were measured (n = 5-6; 6SD; the experiment was repeated twice, with similar results, and a representative data set has been presented here), pec1-2 C, pec1-2 expressing GFP-ABCG32; DCA, dicarboxylic acid; v-HA, omega-hydroxy fatty acid; DHP, 10,16-dihydroxypalmitate. Monomers that are reduced in comparison with wild type with P < 0.01 are indicated by an asterisk. 
Expression of Transporters Involved in Cutin Biosynthesis in the pec1 Mutant
The expression of ABCG11 and ABCG13 was measured in the pec1 mutant to obtain some insights into the transcriptional regulation of different transporters that are expressed in the same cell types. The expression of ABCG11 and ABCG13 was investigated in expanding stems and closed flowers having high ABCG32/PEC1 expression in wild-type plants (Figure 2A) . No statistically significant changes in the expression of ABCG11 and ABCG13 in either organ could be detected in pec1-2 and pec1-3 in comparison with wild type or the complemented pec1-2 line when three biological replicates were analyzed ( Figures 8A and 8B) . Thus, the expression levels of ABCG11 and ABCG13 seem to be regulated independently of cutin amount and cutin composition, and there is no indication of compensation reactions at the transcript level.
DISCUSSION ABCG32/PEC1 Is Necessary for the Formation of a Functional Cuticle
The pec1 mutant was characterized by functional deficiencies of its cuticles on various organs. For example, we found that the mutant has a strong increase in cuticle permeability in rosette leaves and flower organs (Figure 1 ; see Supplemental Figures 1, 4, and 5 online). The cuticle of pec1 petals can be much more rapidly penetrated by toluidine blue than that of leaf blades. However, in both organs, the pec1 cuticle is less permeable than that of lacs2, which has 80% less aliphatic polyester components in leaves (Figure 1 ; Bessire et al., 2007) . The results of all physiological studies, namely water loss under conditions when the stomata were closed, herbicide sensitivity, as well as induced release of antifungal compounds conferring resistance to B. cinerea, all showed that the pec1 cuticle was deficient in its barrier function.
Mutants with a strongly increased permeability often have ultrastructural and biochemical changes in the cuticle (Jeffree, 2006; Nawrath, 2006; Bird et al., 2007; Li-Beisson et al., 2009; Panikashvili et al., 2009; Voisin et al., 2009; Li et al., 2010) , and in many cases, these structural defects are accompanied by organ fusion. These findings were confirmed for the pec1 mutant because it exhibited organ fusions between leaves or between leaves and petioles in ;1% of plants, similar to lacs2 plants (see Supplemental Figures 2C and 2D online; Bessire et al., 2007) . In pec1, electron-dense material of the cuticle was partially or totally absent in the zone of an organ fusion, as observed in several other organ fusion mutants such as in bdg and lcr, and in contrast with fdh, which has electron-dense material in the zone of organ fusion ( Figure 5C ; Kurdyukov et al., 2006; Bessire et al., 2007; Voisin et al., 2009 ). Thus, the pec1 mutant shows structural defects of the cuticle with associated organ fusions and decreased barrier properties that resemble other previously described cuticle mutants.
ABCG32/PEC1 Knockout Affects the Cuticular Layer of the CW
In the epidermal cells of Arabidopsis wild-type petals, we observed several ultrastructurally distinct layers in the outer extracellular matrix that were similar to previous observations for cuticles of In wild-type (WT) plants, little staining was observed within cells, although the cuticle was stained. In pec1 plants, lipidic deposits were observed within cells that corresponded in size and shape to inclusions observed by TEM. flower organs ( Figure 5D ; Li-Beisson et al., 2009; Panikashvili et al., 2009 ). In accordance with the nomenclature for plant cuticles, we interpreted the outermost layer having an amorphous structure of relatively low electron density as the "cuticle proper" and the electron-dense layer underneath the cuticle proper that has, at some places, a fibrous polysaccharide-like structure as the "cuticular layer," a layer of the CW that is encrusted with cutin (Jeffree, 2006) . The remaining fibrous layer is the CW.
In the pec1 mutant, no alterations could be observed in the structure and dimensions of the cuticle proper in petals in comparison with wild type. By contrast, the cuticular layer of the CW is not as electron dense in the pec1 mutant as in the wild type, indicating that material is missing from this layer (Figures 5D-5G ). These findings are in good agreement with the 40% reduction in polyester monomers in pec1 flowers ( Figure 4B ). 10,16-Dihydroxypalmitate and v-hydroxy fatty acids were strongly reduced (60-70%), but less than in other mutants. The defective in cuticular ridges (dcr), gpat6, and cytochrome P450 monooxygenase (cyp) 77A6 (cyp77A6) mutants all have a reduction in 10,16-dihydroxypalmitate of more than 90% in flowers, but only a limited reduction in total ester-bound aliphatics of 40 to 50% Panikashvili et al., 2009) . Interestingly, the phenotypes of these mutants in the cuticle/CW cross section are very different. In the dcr mutant, the electron-dense cuticle layer of the CW is missing as in pec1, but in addition, the region between the cuticle proper and cuticular layer is fuzzy in the petal epidermis (Panikashvili et al., 2009 ). In the gpat6-1 mutant, the cuticle proper and the cuticular layer of the CW both appear to be absent . Electron-dense material is instead dispersed in the CW of the gpat6 mutant without forming any apparent layers.
In summary, our data suggest that the pec1 mutation mainly affects the cuticular layer of the CW, making it likely that the corresponding protein is specifically involved in the formation of this part of the cuticle.
ABCG32/PEC1 Knockout Leads to Only Minor Effects on Epidermal Cell Morphology and Differentiation
Beyond effects on the structure of the cuticular layer, pec1 mutation had only minor effects on other cuticle parts. Petals of epidermal cells of wild-type Arabidopsis plants form typical undulations, leading to the structural phenomenon of nanoridges on the surface of petals Panikashvili et al., 2009 ). The formation of nanoridges has been associated with 10,16-dihydroxypalmitate because three mutants (dcr, gpat6, and cyp77A6) with a more than 90% reduction in 10,16-dihydroxypalmitate were lacking nanoridges on the petal surface Panikashvili et al., 2009 ). Our results show that pec1, with a 60 to 70% reduction in 10,16-dihydroxypalmitate, has nanoridges that are largely intact but that are irregularly shaped; in some areas, less deep or partially missing, and at other areas, deeper and increased in number (Figures 5 and 7) . Thus, it seems likely that the amount of 10,16-dihydroxypalmitate is not the only parameter determining nanoridge formation. Together with changes in surface nanomorphology, changes also occurred in the cell shape of some of the adaxial petal cells in the pec1 mutant (Figure 7 ). Such a phenomenon had not only been observed for epidermal cells of petals but also for epidermal cells of leaves of many other cuticle mutants, as in the dcr mutant, indicating that changes in cuticle formation feedback on the development of epidermal cells (Nawrath, 2006; Panikashvili et al., 2009) .
Taken together, the pec1 mutant has a unique cuticle and provides new insights into the formation of the cuticle/CW boundary in Arabidopsis. The pec1 mutant helps to define the cuticular layer of the CW that is located between the cuticle proper and the CW. In the past, little attention has been given to the characterization of the cuticular layer of the CW. Our results on the pec1 mutant show that the cuticular layer, although it is structurally defined as a domain of the CW, contributes significantly to the formation of a functional diffusion barrier and of nanoridges of Arabidopsis petals; thus, it is functionally a part of the cuticle.
PEC1 Is the PDR-Type Transporter ABCG32
Our results show that PEC1/ABCG32 is a member of the PDR family of ABC transporters that contains 15 genes in Arabidopsis and 23 genes in rice (Oryza sativa), forming a relatively tight gene Quantitative measurements of ABCG11 (A) and ABCG13 (B) expression in pec1-2, pec1-3, and the complemented pec1-2 line expressing GFP-ABCG32 (pec1-2 C) were compared with wild-type levels in 3-cm-long top stem segments and closed flowers. Expression data of both genes were normalized to that of the ubi10 gene. Means of normalized expression from three biological replicates (based on three technical replicates) are presented 6SE.
cluster within the ABC transporter family (Crouzet et al., 2006) . All PDR transporters evolved from a common ancestor arising from a single duplication event of a transporter having an inverted domain structure (NB-TMD). The Arabidopsis PDR transporters have a wide range of expression patterns, indicating their involvement in many different biological processes, including biotic and abiotic stress responses (Martinoia et al., 2002) . PDR transporters have been shown to transport a wide variety of molecules in fungi (Jungwirth and Kuchler, 2006; Golin et al., 2007; Stefanato et al., 2009) . In plants, only a few in vivo substrates have been identified, such as cadmium and auxin for ABCG36 (PDR8), 2,4-dichlorophenoxy acetic acid for ABCG37 (PDR9), and abscisic acid for ABCG40 (PDR12; Kim et al., 2007; Strader and Bartel, 2009; Kang et al., 2010) . However, there is some evidence that plant PDRs may transport a variety of secondary metabolites, including antimicrobial and antifungal compounds, as well as xenobiotics and heavy metals (Martinoia et al., 2002; Campbell et al., 2003; Moons, 2003; Ducos et al., 2005; Stukkens et al., 2005; Ito and Gray, 2006; Kobae et al., 2006; Stein et al., 2006; Krattinger et al., 2009) .
It is important to note that ABCG32/PEC1 is distinct from all other PDR-type transporters of Arabidopsis, having only 45 to 55% amino acid identity and 65 to 75% similarity with them. Therefore, ABCG32/PEC1 most likely has a specific nonredundant function among the PDR-type ABC transporters in Arabidopsis. By contrast, ABCG32/PEC1 has one close homolog in rice, ABCG31_1 (Os-PDR6), with which it shares 70% amino acid identity and 83% similarity (Jasinski et al., 2003; Verrier et al., 2008) .
Does ABCG32/PEC1 Transport Cutin Precursors?
Based on the phenotypes of the pec1 mutant, the PDR-type transporter ABCG32/PEC1 can be reasonably assumed to be involved in exporting compounds essential for the formation of a functional cuticle in Arabidopsis. This raises the question of the nature of the secreted products, whether they are cutin precursors or other compounds, and of its direct or indirect role in cuticle formation.
Because strong effects on the content of aliphatic cutin components and on cuticle ultrastructure were observed in pec1 petals, ABCG32/PEC1 is likely involved in transport of cuticle precursors, but the nature of all the transported compounds remains unknown. Aliphatic cutin and suberin (a polyester similar to cutin) monomers may not be exported as such to the extracellular matrix but might instead first be linked to other moieties within the epidermal cell. The significance of several acyltransferases for the biosynthesis of polyesters or polyester domains, including GPATs for the formation of sn2-monoacylglycerol and acyltransferases of the BAHD family potentially linking aromatic molecules to 10,16-dihydroxypalmitate, has already been shown (Li et al., 2007; Molina et al., 2009; Panikashvili et al., 2009; Rani et al., 2010; Yeats et al., 2010) . It is currently not clear whether the resulting linked compounds are directly transported to the extracellular matrix, or whether further modifications take place inside the cell. However, in either case, the linkages between various moieties cause structural diversity between exported precursors that might play distinct roles during the formation of the different cuticle layers. It seems plausible that several types of (ABC) transporters could be involved in the export of such diverse precursors, implying that ABCG32/PEC1 possibly functions in parallel with other transporters. Alternatively, ABCG32/PEC1 might be secreting other molecules that are involved in cuticle formation and that are essential for the polymerization of the polyester in the cuticular layer, but that escape our current biochemical analysis methods. However, the intracellular accumulation of lipidic molecules in multimembrane bodies argues against the second possibility.
An apparent contradiction to a direct role in cutin precursor export might be the lack of strong ultrastructural and biochemical changes in the cuticle of fully expanded pec1 leaves. However, the structures of the cuticle and the CW of expanded leaves are different from those of petals. The cuticular layer of the CW might, for example, be very thin, but still of functional importance. A similar phenomenon has been observed in other mutants; for example, in fdh, which has a very strong cuticular permeability and no ultrastructural changes in the cuticle (Voisin et al., 2009) . Further studies of the formation of the cuticle might resolve this enigma.
ABCG32/PEC1 Has a Function in the Export of Cuticular Components Distinct from That of Other ABC Transporters
The specific and strong expression of ABCG32/PEC1 in the epidermis during cell expansion is in full agreement with its proposed function in the biosynthesis of the cuticle. A functional GFP-ABCG32 fusion protein has a clearly polar localization, directed toward the outer surface of the plant. This is particularly interesting because molecules that are specific for the cuticular layer of the CW may potentially crosslink with the CW. Thus, localized transport may be necessary to restrict the formation of the cuticular layer to one side of the cell. Other transporters, such as ABCG11 and ABCG12, which are involved in the transport of cuticular lipids, are not localized in a polar manner Mc Farlane et al., 2010) . Potentially, a polar localization is not necessary for all proteins involved in cuticle formation because additional forces, such as concentration gradients and hydrophobic interactions, might guide the transported hydrophobic molecules to the correct place in the extracellular matrix. The cuticle may be, at least in part, a self-organizing structure.
Here, we show that ABCG32/PEC1 is a new type of ABC transporter that is required for the formation of a functional cuticle. The half-transporter ABCG11 is another transporter involved in the export of cutin monomers Luo et al., 2007; Panikashvili et al., 2007 Panikashvili et al., , 2010 Ukitsu et al., 2007) . However, the effects of ABCG32/PEC1 disruption on cutin composition, structure, and function are very different from those of ABCG11 mutations. ABCG32/PEC1 knockout mutants had a decrease in saturated oxygenated fatty acids, with the severity of the defects depending on the organ in Arabidopsis. By contrast, the levels of unsubstituted acids or unsaturated dicarboxylic acids in pec1 cuticles were not affected. These findings are very different from those reported for mutants in ABCG11, where all cutin monomers were similarly affected in leaves and stems Luo et al., 2007; Panikashvili et al., 2007) . Furthermore, the locations of the intracellular membrane inclusions are also different in both mutants, indicating that the transported molecules have different biochemical properties Panikashvili et al., 2007; Mc Farlane et al., 2010) . Very recently, knockout mutants in ABCG13 have been characterized that display changes in cutin composition in flowers (Panikashvili et al., 2011) . Similar to ABCG11 function in stems and leaves, the ABCG13 knockout affects all monomers present in cutin. Interestingly, cutin monomer composition in flowers is not affected in the knockout mutant of ABCG11, although the gene is strongly expressed in this organ, and redundant functions between ABCG11 and ABCG13 could not be demonstrated in flowers (Panikashvili et al., 2011) .
Taken together, these results suggest that transporters of the ABCG11 clade have different substrate preferences, while they function in parallel in the same cells as ABCG32/PEC1. The expression analyses of ABCG11 and ABCG13 support the idea that they function independently because there were no statistically significant differences in their transcript levels in the pec1 mutant that would indicate coregulation or compensation (Figure 8) .
The characterization of ABCG32/PEC1 and its significance for the formation of the cuticle structure and function open new alleys toward understanding the relationship among structure, composition, and function of the cuticle. Our results support the concept that different types of transporters play essential roles in the assembly of the cuticle into a functional structure. The precise biochemical nature of the molecules that are transported by ABCG32/PEC1 remains to be determined. Another open question concerns the significant increase in permeability of the leaf and stem cuticles of pec1, despite minimal biochemical changes in extractable cutin monomers of these organs. Possible explanations for this finding might be closely related to the genesis and/or maturation of the cuticular structure. It will be very interesting, but also challenging, to find answers to these questions.
METHODS
Plant Material
Plants were grown on a pasteurized soil mix under 10 h of light (208C day temperature and 178C night temperature, 60% humidity) for vegetative growth and 16 h of light (constant temperature of 208C, 60% humidity) for flowering plants. Wild-type plants of Arabidopsis thaliana accession Columbia (Col-0) as well as the Salk T-DNA insertion lines were obtained from the Arabidopsis Biological Research Center (Columbus, OH; Alonso et al., 2003) . Ethyl methanesulfonate-mutagenized M2 seeds of the wild-type accession Col-0 were provided by the laboratories of Chris Somerville and Fred Ausubel. Wave131Y was provided by the laboratory of Niko Geldner (Geldner et al., 2009 ).
Map-Based Cloning of PEC1, Genetic Analysis of pec1/abcg32 Mutant Alleles, and Gene Structure of ABCG32/PEC1 Plants (13,000) of an M2 population of ethyl methanesulfonate-mutagenized Arabidopsis plants were screened for increased cuticular permeability by calcofluor white staining (Bessire et al., 2007) . One mutant displayed strong calcofluor white fluorescence and was named pec1-1. This phenotype was inherited in a recessive manner. PEC1 was at first mapped to the middle of chromosome 2 using published simple sequence length polymorphism markers (Lukowitz et al., 2000) . With the information on sequence polyphorphisms made available by Monsanto, PEC1 was then accurately located to the middle of chromosome 2 between a marker developed at position 7000 bp and a marker developed at position 38,000 bp of BAC F12C20 in an interval of 30 kb corresponding to 0.03 centimorgans (Jander et al., 2002) . Six T-DNA mutant populations with insertions in genes in this interval were screened for the calcofluor phenotype (Alonso et al., 2003) . Three T-DNA mutant populations (SALK_622421, SALK_525696, and SALK_631807) segregated for the phenotype conferred by pec1 after calcofluor staining. These mutants had insertions in the gene At2g26910 that encodes ABCG32 (PDR4). All four pec1 alleles have an identical phenotype when stained with calcofluor and are assumed to be complete knockouts of ABCG32/PEC1. At2g26910 was sequenced in the pec1-1mutant and a G to A transition in exon 11 was identified, changing a TGG codon to a stop codon. The SALK_622421 line carrying a T-DNA insertion in exon 2 was named pec1-2, the SALK_525696 line carrying the insertion in exon 9 was pec1-3, and SALK_N631807 carrying the insertion in exon 23 was pec1-4 ( Figure 1A) . Although the insertion of the T-DNA in pec1-2 was accurate at the left and right border, the T-DNA insertions in pec1-3 and pec1-4 included the left border, but not the right border.
The annotated gene structure of the ABCG32/PEC1 gene was confirmed by sequencing overlapping fragments of the cDNA and corresponded to the sequence described previously (van den Brû le and Smart, 2002). The ABCG32/PEC1 sequence spans 6252 bp with 24 exons and 23 introns. The cDNA contains 4260 bp of coding region and 311 bp of the 39-untranslated region. The 59-untranslated region was characterized using several primers and is located ;264 bp upstream of the annotated ATG. The ABCG32 protein is predicted to have a size of 161 kD.
Physiological and Biochemical Characterization of Cuticle
Staining with calcofluor and TB, the assessment of water loss and herbicide resistance, as well as the resistance to Botrytis cinerea and the collection and characterization of leaf diffusates was performed as previously described (Bessire et al., 2007) . Wax components were analyzed as previously described .
The composition and amount of residue-bound lipids of ;25 large rosette leaves from four to six plants (6-7 weeks old), two stems (14-16 cm high), or 40 fully open flowers was analyzed using depolymerization by base catalysis as described . Acetylated monomers were analyzed as described previously (Bessire et al., 2007) . Identity of v-hydroxylated 18:3 was verified by analyzing flowers of the fad3-2 fad7-2 fad8 mutant that lacks the C18:3 fatty acid and all C18:3-derived molecules, including the v-hydroxylated C18:3 acid in its polyester (Poulson et al., 2002) . Statistical analysis was performed using analysis of variance followed by Tukey's honestly significant difference test (http:// faculty.vassar.edu/lowry//anova1u.html).
Transgene Constructs
For expression studies, the putative promoter was amplified as a 1005-bp fragment using as primers attB-pABCG32-1 F and attB-pABCG32-1 R and was cloned into the MDC163 vector using Gateway technology creating the construct pABCG32:GUS (Invitrogen; Curtis and Grossniklaus, 2003 ; see Supplemental Table 2 online). The activity of the ABCG32/PEC1 promoter was then studied by GUS staining in 14 independent transgenic lines. Typical results of the six most strongly expressing lines are presented.
For subcellular localization, a 2-kb fragment of the native ABCG32/ PEC1 promoter was cloned in front of a GFP-ABCG32 fusion, creating pABCG32:GFP-ABCG32. For this construct, a modified ABCG32/PEC1 gene was assembled that contained, in addition to genomic fragments, cDNA fragments to minimize the fragment size. A 5252-bp-long fragment that contained the annotated introns 1 through 5 and 12 through 17 was cloned into the vector MDC43 with Gateway technology using the primers attB-2-ABCG32 F and attB-ABCG32+S R, creating the plasmid MDC43-ABCG32 (Curtis and Grossniklaus, 2003) . The 35S cauliflower mosaic virus promoter was removed from MDC43-ABCG32 by excising with HindIII and KpnI. A 2043-bp-long fragment of the ABCG32/PEC1 promoter was amplified with the primers pABCG32+HindIII F and pABCG32 +KpnI R and was cloned into MDC43-ABCG32, creating the plasmid pPEC1:GFP-ABCG32 (see Supplemental Table 2 online) .
Electron Microscopy Techniques, GUS Staining, and in Situ Hybridization
For TEM, tissues were fixed in 2.5% glutaraldehyde in 0.1 M PO 4 buffer, pH 7.4, and in 1% OsO 4 in 1% PO 4 buffer for 16 h each. Specimens were embedded in Spurr resin as described previously (Sieber et al., 2000) . Sections were analyzed with a Philips CM 100 transmission electron microscope. For SEM, petals were fixed as for TEM, critically point dried, sputter-coated with 30 nm of platinum, and viewed under an SEM Jeol JSM-6300 scanning electron microscope.
GUS-histochemical staining was performed on whole plantlets and detached organs as described previously (Lagarde et al., 1996) , with the following modifications: Prefixed material was washed with 50 mM phosphate buffer, pH 7.0, containing 1 mM potassium ferrocyanide and 1 mM potassium ferricyanide. Tissues were incubated in 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid for 2 to 8 h. After fixation in 2% formaldehyde, 0.5% glutaraldehyde, and 100 mM sodium phosphate, pH 7.0, tissues were cleared through a graded ethanol series. Sections (5-10 mM) were prepared from GUS-stained material after paraffin embedding.
For the synthesis of the in situ hybridization probe, two nonoverlapping fragments, ABCG32-1 and ABCG32-2, containing 1614 and 1183 bp of the cDNA, respectively, were amplified from cDNA clones using the primer combinations ABCG32-1-SP6 with ABCG32-1-T7 and ABCG32-2-SP6 with ABCG32-2-T7, respectively (see Supplemental Table 2 online). The antisense digoxigenin-labeled probes were synthesized with T7 RNA polymerase and used for in situ hybridization as previously described (Efremova et al., 2004) . Both riboprobes displayed identical hybridization patterns.
Confocal Microscopy
During confocal fluorescence microscopy, GFP and YFP fluorescence were detected using excitation at 488 nm with a 500-to 550-nm bandpass filter and a 525-to 600-nm band-pass filter, respectively. Tissues were immersed for 5 min in PI solution (40 mg/mL, Sigma) or in FM6-64 solution (0.1 mM, Sigma), respectively. PI and FM4-64 staining were detected using an excitation at 488 nm with a 600-to 630-nm band-pass filter. Stem sections were embedded in 4% agar, hand sectioned, and confocal micrographs taken in intact cells underneath the sectioned zone shortly after imbedding and sectioning. Nile red staining was performed as described previously (Pighin et al., 2004) . Autofluorescence of chloroplasts was visualized using excitation at 488 nm with a 615-to 680-nm band-pass filter. Two-photon microscopy was performed using a Chameleon Ultra II Titanium Sapphire Laser (Coherent) on a Zeiss LSM 710 NLO using an excitation spectrum of 960 nm. Fluorescence of GFP-ABCG32 was detected with a band-pass filter of 500 to 550 nm. Confocal microscopy was performed on a Leica SP/2 AOBS confocal microscope.
Quantitative PCR-Based Expression Analysis
RNA from different organs was isolated using an RNA easy extraction kit (Qiagen) according to the manufacturer's recommendations, with an extra DNase treatment. Total RNA was reverse transcribed by the M-MLV (2) superscript-like enzyme (Promega) using an oligo(dT) 15 primer. qRT-PCR analysis was performed using the Absolute qPCR Green Mix (Abgene) and the Stratagene MX3000 RT-PCR system. ABCG32, ABCG11, and ABCG13 were amplified using the primers ABCG32-qPCR F/ABCG32-qPCR R, ABCG11-qPCR F/ABCG11-qPCR R, and ABCG13-qPCR F/ABCG13-qPCR R (see Supplemental Table 2 online). Ubiquitin 10 was used for normalization as described previously (Czechowski et al., 2005) . All fragments were amplified after an initial activation step of the enzyme for 15 min at 958C and 40 cycles of 20 s at 958C, 1 min at 608C, and 30 s at 728C, followed by 5 min 728C.
Accession Numbers
Sequence data from this article can be found in Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: ABCG11, NB 101647; ABCG13, NM 104024; and ABCG32/ PEC1, NM 128248.
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